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Abstract: Floods are becoming more frequent, especially in urban environments where most of
the surface is waterproofed. Permeable pavement (PP) can be applied as low impact development
(LID) systems for runoff mitigation in urban areas. Their effectiveness can be assessed, case by
case, by numerical simulations. In this study, the effectiveness of mitigating runoff of different
permeable pavements has been evaluated. In particular, porous asphalt (PA), pervious concrete (PC),
permeable interlocking concrete pavement (PICP) and grid pavement (GP) have been investigated
using EPA Storm Water Management Model (SWMM) software. To this aim, a car parking area
located in the University Campus of Palermo (Italy) has been taken as a case study, considering
several scenarios, each having a different percentage and planimetric layout of a PP type combined
with an impermeable pavement. All the scenarios were tested assuming four synthetic rainfall events,
referring to return periods of 5, 10, 50 and 100 years, and a real high return period event that occurred
in Palermo in 2020. The results showed that amongst the different PPs considered, only the PA,
bounded at the bottom by an impermeable layer, was practically ineffective. The other three PPs,
proved to be effective in a noticeable way and furthermore for each scenario studied, they proved
to bear almost the same mitigated runoff. The results proved appreciable differences in runoff as a
function of the location of the PP over the study area.

Keywords: low impact development (LID); permeable pavement; permeability; urban hydrology; SWMM

1. Introduction

The construction of streets, squares and buildings leads to soil waterproofing, which
dramatically changes urban hydrological balance, as water cannot infiltrate into the ground
anymore. Therefore, dangerous runoff can occur even at medium intensity rainfall. In short,
increasing impervious areas to the detriment of pervious areas can cause heavy hydraulic
problems (e.g., [1,2]).

Many studies on the problems caused by soil waterproofing have been carried out over
the world in the last few decades, aiming at obtaining good post-urbanization drainage
and reducing environmental impact [3—6]. Several strategies have been developed which
are often called by different names, such as sustainable drainage system (SuDS) in the
UK, low impact development (LID) or best management practices (BMP) in Canada and
the USA and water-sensitive urban design (WSUD) in Australia. The strategies for runoff
reduction include the realization of pervious pavements (PP), swales, filter drains, green
roofs, etc., usually indicated in the technical literature as LIDs. The different LIDs can be
used individually or in combination, and their arrangement over the urban area has to be
carefully studied.

PPs have a major role in allowing water infiltration, which improves city resilience
to rainfall events [7-10]. Their hydraulic performance can be assessed by both laboratory
and field tests [11,12]. However, their effectiveness as a LID for a specific case has to be
estimated at an urban scale, which is usually carried out by numerical simulations carried
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out with appropriate software. The EPA SWMM software is widely used. These simulations
provide useful information for selecting the most appropriate PP in terms both of type and
planimetric placing in combination with traditional impermeable pavements, which also
perform better from a mechanical point of view than PPs. The present study focuses on
runoff mitigation using PPs.

There exist four types of PPs, each one having specific hydraulic and mechanical
characteristics [13]. These characteristics and their dependence on the characteristics of the
single elements of the pavement, such as gradation, porosity, aggregate shape, etc., are still
the object of studies (e.g., [14-17]). In the present paper, after the main characteristics of the
four types of PPs are described, their effectiveness in mitigating runoff is compared for a
study area located in the University Campus of Palermo (Sicily, Italy). The comparison is
carried out by means of numerical simulations performed using EPA SWMM and concerns
several scenarios, each relating to different areal percentages and planimetric layouts of PP
and impermeable pavement, as well as different rainfalls.

2. Types of Pervious Pavements (PPs)

Pervious pavements (PPs) are a logical stormwater management solution in an urban
environment, as they allow water to infiltrate through the pavement to the underlying
course from which it is then discharged [4,18,19]. Because of their limited mechanical
characteristics, PPs are commonly used in areas for light vehicles or pedestrian use [4,18,19],
generally with speed limits up to about 90 km/h: as reported by some authors [13,20], a
maximum of 1 million Equivalent Single Axle Loads of 80 kN is typically recommended for
the whole service life. Moreover, because of high permeability, PPs are not recommended
for areas that may have a high potential for pollutants, sediment deposition or organic
matter accumulation [20]. PPs can also be applied as overlays on highways, as permeable
friction courses or as open-graded friction courses [17,18,21].

In traditional pavements (Figure 1a), the upper layer is bounded by bitumen or
concrete, ensuring good mechanical resistance to vehicle loads but making the pavement
impermeable. By contrast, there are no waterproof layers in PPs (Figure 1b). These
structures are characterized by large voids that allow water to infiltrate [2]. Overall, the
stratigraphy of PPs is similar to that of traditional pavements, but each layer has higher
porosity constituted by interconnected voids, which are necessary for allowing water
drainage. The primary goal is to reduce runoff volume, thus promoting hydrograph
attenuation [22]. In order to prevent the occurrence of appreciable runoff, the pavement
permeability should be higher than the rainfall intensity [23].

Surface course

Rainfall Rainfall

Binder course

Base course

Pr— Runoff —

Subbase course

(called Reservoir course for PPs)

Subgrade
DN DN NN NI,
SIS S s LUK
(a) (b)

Figure 1. Schemes of traditional pavement (a) and pervious pavement (b).

In PPs, water that has passed through the upper layers and accumulated in the subbase
course can move away by three types of drainage systems [1]:
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Type I, total infiltration system (Figure 2a): all the water infiltrates the subgrade;
Type II, partial infiltration system (Figure 2b); because of insufficient permeability of
the subgrade or other designer choice, a part of the water is drained by a pipe system;

e  Type III: no infiltration system (Figure 2c); because of impermeable subgrade, all the
water is drained by a pipe system.

I
R AIRAR A

LR R e

(b) (©)

Figure 2. Types of drainage systems of PPs: (a) total infiltration; (b) partial infiltration; (c) no infiltration.

The choice of the drainage system depends on the site features and the subgrade
permeability [18,23]. Simple infiltration in the subgrade is the easiest choice for granular
soils, but it is unsuitable for fine soils such as clay soils and /or loamy soils, where infiltration
is very slow. However, the solution of infiltrating the water to the subgrade may not always
be good, for instance, in the presence of buildings nearby, as infiltrated water could reduce
the soil’s mechanical resistance causing subsidence [24]. Another problem may arise
from the presence of groundwater, as pollutants on the pavement could infiltrate with
rainwater and pollute the groundwater itself. However, there are many cases requiring a
specific study.

The surface course can be made with different materials and layouts, usually in accor-
dance with four major types (Figure 3): Figure 3a: porous asphalt (PA); Figure 3b: pervious
concrete (PC); Figure 3c: permeable interlocking concrete pavement (PICP), also called
concrete block permeable pavement (CBPP); Figure 3d: grid pavement (GP), made of either
concrete (CGP) or plastic (PGP) [23]. PA and PC are also referred to as monolithic pavements
and PICP and GP as modular pavements [4,25]. All types of PPs share common goals: (i) en-
couraging infiltration to reduce stormwater runoff, (ii) improving water quality through
various filtering, chemical and biological treatments and (iii) providing water storage [19].

(d)

Figure 3. Different types of PP: (a) porous asphalt (PA); (b) pervious concrete (PC); (c) permeable
interlocking concrete pavement (PICP); (d) grid pavement (CGP if in concrete or PGP if in plastic).
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PA (Figure 3a) is similar to conventional asphalt but uses almost uniform coarse
aggregates without the fines (passing either 0.063 mm for CNR/UNI or 0.075 mm for USCS)
in order to create a greater void space allowing water infiltration [19,20,25]. In this type of
pavement, voids usually range from 18% to 25% and thicknesses between 75 and 180 mm,
depending on the traffic design volume [19].

PC (Figure 3b) is also made of almost uniform coarse aggregates without the fine
ones [19,20]. The result is a rigid pavement with 15-25% of interconnected voids. The base
layer is an open-graded aggregate, having 40% of voids. In a freeze-thaw climate, the
minimum thickness is 30 cm [13,20].

PICP (Figure 3c) consists of impervious concrete elements arranged with intermediate
pervious joints through which water infiltrates [20,23]. The total permeable joint area
usually ranges between 5% and 20% of the whole pavement surface. The pervious joints
are filled with the same sand as the bedding layer, usually 2-5 mm [19,20]. The pavement
structures also include a subbase layer, usually 300-500 mm thick, made of 20-63 mm ag-
gregates [19]. The permeability varies between 2500 and 4000 mm /h, where the minimum
value is specified in the technical standards in order to prevent clogging [23].

GP (Figure 3d) consists of concrete (CGP) or plastic (PGP) elements, each having
one or more holes filled by permeable material such as small aggregates (ASTM No 8 or
No 89), sand or topsoil with grass. The concrete grid elements are defined in ASTM C1319
Standard Specification for Concrete Grid Paving Units. The whole permeable surface of
CGPs is between 20% and 70% and looks like continuous grass [20], whereas PGP presents
a permeable surface between 90 and 98% [19]; they can be made of recycled materials and
are formed by geocells filled with aggregates or topsoil with grass.

PPs are suited for light vehicular traffic only, and therefore, they are frequently used
for parking lots, pedestrian walkways, etc., while they are not recommended for loading
areas or areas subject to high daily use [20]. Typical ranges of the main parameters of PP
are summarized in Table 1.

Table 1. Range of values of PP parameters suggested in the technical literature.

Types Thickness (mm) Porosity Permeability (mm/h) Authors
PA 75-180 18-25% 7000-50,000 [19,26]
PC 100-300 15-35% 10,000-30,000 [20,25,27,28]

PICP 80 2500-4000 [19,23,29,30]
GP 80 3600 [20]

Besides runoff mitigation, the use of PPs involves a few other benefits, such as thermal
mitigation, reduced pollutant concentration and groundwater recharge [18,31]. On the
other hand, dealing with a PP system implies some drawbacks, such as the reduction in
structural capacity of the pavement and the need for frequent maintenance activities (and
related costs) to ensure the permeability requirements are satisfied during the service life.

Several authors (e.g., [19,29,32]) have compared the different types of PPs, showing
that they are very effective in reducing surface runoff and flow peak. In particular, according
to Gomez-Ullate and coauthors [32], the runoff reduction could be higher than 98%. The
performances of all PPs in terms of peak reduction are similar to one another. Actually, the
reduction in runoff of PICP changes depending on the different block shapes and assembly
schemes that cause the joints to form continuous channels or not.

In the next section, an investigation of the effectiveness of PPs in a study case will be
carried out using a hydrological-hydraulic model (EPA SWMM) framework.
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3. Numerical Investigation on PPs Effectiveness in a Case Study
3.1. EPA Storm Water Management Model (SWMM)

EPA SWMM is a dynamic model used to analyze stormwater runoff produced by
rainfall events and to design and/or verify urban drainage systems. The runoff component
of SWMM operates on a set of subcatchments that receive precipitation and generate runoff
and pollutant loads [33].

The model accounts for LIDs, which are practices distributed over urban areas, con-
sidering each of them as a fraction of or a whole subcatchment object [34].

A PP is represented in the model by a surface that receives direct rainfall and runoff com-
ing from nearby areas as well as producing outflows towards the adjacent sub-catchments
and a few horizontal layers beneath the former. Three layers are identified in PPs, namely
pavement, soil (an optional layer) and storage. In the SWMM pattern, water moves through
each layer for evapotranspiration and/or infiltration. In the bottom layer (the storage), the
accumulated water infiltrates the subgrade and/or moves away by a drainage pipe system.
In accordance with this pattern, a PP unit is modeled in SWMM by the classical continuity
equations relating to each layer and the pavement surface [34].

3.2. The Case Study Used for the Investigation

A case study was used to investigate the positive effects of PPs. The study area is a car
parking area located within the University Campus of Palermo (Sicily, Italy) (Figure 4a).
The parking area is located along an inside lane of the campus, and the relating boundary
line was considered in the study as a watershed (no run-on to the parking area). The S-W
boundary line is a wall that hydraulically isolates the parking area. The whole area of
the parking is 1387 m?2, of which only 1275 m? are given to a parking pavement, and the
remaining part to flowerbeds and sidewalk (Figure 4b). The area is almost an inclined plane
with a slope of about 1.5%, whose maximum slope direction is indicated by the arrow. The
car parking area is divided into three transit lanes with parking spaces on both sides and a
main lane of connection (on the S-E side). The subgrade in the area studied is constituted
by nodular calcarenites, irregularly fractured.

(b)

Figure 4. The car parking area taken as a case study: (a) localization in the University Campus;

(b) plan of the parking area.

Figure 5 presents a flow chart that describes the single steps of the analysis carried
out for the purpose of this study: first, the definition of the rainfall events was carried
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out, together with the selection of the modeling tool (EPA SWMM), then the choice of the
car parking area along with its characteristics was made. The types of PP were selected:
their layouts were defined, and different percentages of surface covered with the PP were
associated with each scenario studied. Then, the runoff corresponding to each rainfall event
was simulated for each scenario and the results obtained were eventually compared.

Comparison of the etfectiveness of

typical PPs
Definition of the Rainfall Events Modelling in EPA SWMM
v
Choice of chacteristics of the car
varkine area:
Y Y Y
Typesof PP: Definition of % of the Surface
PA, GP, PICPD, the Layouts covered with the
PP
v
Scenarios (0 to 7)
¥

Simulation of the Runoff for each Scenario

Y

Comparison of the results

Figure 5. Method flowchart describing the study steps carried out.

Several simulations were carried out considering seven scenarios, each relating to
a different areal percentage of permeable pavement and a different layout of permeable—
impermeable pavements (Figure 6). Scenario 1 provides for the whole area covered by the
PP (actually, 91.9% because of flowerbeds and sidewalk); Scenarios 2, 3 and 4 consider
a permeable pavement covering, respectively, both sides (parking spaces) or only one of
the sides of each of the three parking aisles, whereas Scenarios 5, 6 and 7 consider three
different portions of the main lane only. For each scenario, the aforesaid four PP types
were assumed in turn: PA, PC, PICP and GP, whose assumed characteristics are shown
in Figure 7. Furthermore, scenario 0, assuming the whole parking area is covered by
impermeable pavement, was considered a benchmark to assess the advantage given by
each scenario providing for some permeable pavement.
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Scenario 0 Scenario 1 Scenario 2
(0.0% of PP) (91.9% of PP) (45.7% of PP)
Scenario 3 Scenario 4 Scenario 5
(31.2% of PP) (14.5% of PP) (6.4% of PP)
. Permeable Pavements
. Flowerbeds
Scenario 6 Scenario 7
(24% of PP) (35.1% of PP)

Figure 6. Scenarios examined: Scenario 0: no PP; Scenario 1: the whole pavement is covered by
PP; Scenario 2: only the parking spaces are covered by PP; Scenario 3: only the parking spaces
located upstream from the respective aisles are covered by PP (PP catch only rainfall fallen on itself);
Scenario 4: only the parking spaces located downstream of the respective aisles are covered by PP (PP
catches both rainfall falling on itself and run-on from the subcatchments upstream of it); Scenario 5:
only the downstream subcatchment, which the runoff of the whole area flows into, is covered by PP;
Scenario 6: only the two downstream subcatchments of the main lane are covered by PP; Scenario 7:
the whole main lane is covered by PP.

PC, PICP and GP were modeled as constituted by two layers only, pavement and
storage (Figure 7), and PA without a storage layer because of the presence of a very thin
impermeable layer of bituminous emulsion used to assure adhesion between the surface
course (the pavement in SWMM) and the layer below. The parameters required by SWMM
to characterize each pavement were set as in Table 2; these values were the “worst” found
in the technical literature. For the fractured calcarenites constituting the subgrade, a value
of permeability equal to 36 mm/h was set. Amongst the possible types of drainage systems,
infiltration was assumed (Type I, Figure 2a).
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Figure 7. Thicknesses of the layers of each PP: (a) porous asphalt (PA); (b) pervious concrete (PC);
(c) permeable interlocking concrete pavement (PICP); (d) grid pavement (GP).

Table 2. Parameters assumed for characterizing the PPs in the SWMM case.

Layers PA PC PICP GP
Berm height (mm) 0 0 0 0
Surface Vegetation volume fraction 0 0 0 0
Roughness (Manning’s n) 0.01 0.015 0.015 0.015
Surface slope (%) 1.5 1.5 1.5 1.5
Thickness (mm) 50 150 80 50
Void ratio (voids/solids) 0.18 0.15 0.2 0.2
Pavement Impervious Surface fraction 0 0 0.95 0.2
Permeability (mm/h) 7000 10,000 2500 3600
Clogging factor 0 0 0 0
Storage Thickness (mm) 0 400 400 400
Void ratio (voids/solids) 0 0.4 04 0.4
Seepage rate (mm/h) 0 36 36 36
Clogging factor 0 0 0 0

For modeling purposes, the car parking area was divided into 20 subcatchments,
including 5 specific subcatchments for the sidewalks. The areas occupied by flowerbeds
(roadway dividers) were neglected since they were considered totally permeable (i.e.,
making no contribution to the runoff). The subcatchments were connected to each other
in accordance with the slope of the area. As the performance of PPs in mitigating runoff
mainly depends on infiltration and storage, nodes and links were not modeled. As for
runoff, SWMM considers a normal flow ruled by Manning’s equation on an equivalent
rectangular subcatchment.

For all the combinations of scenarios and PPs, four synthetic hyetographs (i.e., storm
events simulated through the statistical elaboration of historical rainfall data) with return
periods of 5, 10, 50 and 100 years, named, respectively, T5, T10, T50 and T100, were
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considered. To this aim, the TCEV (Two-Component Extreme Value) method was used,
adopting specific parameters for Sicily [35], relating to the considered return periods and
the parking location. A rainfall duration of 1 h was assumed. For a close description
of the process, a time interval of 1 min was chosen for rainfall depths, less than the
expected concentration time. As for the rainfall depths minute by minute to be considered,
the empirical relationship by Ferreri and Ferro [36] for short-duration rainfalls in Sicily
(duration d < 1 h) was adopted:

a1 _ 2084036 (1)
heo,
where d (min) is the rainfall duration, /1; 1 (mm) the related rainfall depth of return period
T and hgp, T (mm) the rainfall depth relating to d = 60 min and return period T. Synthetic
hyetographs were produced following [37]. A further simulation was finally carried out
using a real event, named R20, which occurred in Palermo on 15 July 2020 (Figure 8) whose
estimated return period is about 90 years [38].

2.5

2.0 1

\ 1l
|”| Htl“ﬂi ‘ I‘“
NI 1

T
14:00 15:30 17:01
time

a
(%)
1

Ly
o

Precipitation (mm)

R S R R —

|
|
|

0.5 1

Figure 8. Hyetograph of the real event R20.

4. Results and Discussion

The parameter chosen to assess and compare the performance of the PPs was the
runoff of the downstream subcatchment, which the runoff of the whole area flowed into.

Figure 9a,b show the runoff simulated for events T5 and T100. The runoffs of events
T10 and T50 are consistent with the former and are not reported for brevity. All the hy-
drographs related to PPs are lower than that related to Scenario 0 (without any PP), thus
proving the effectiveness of using PPs in reducing the surface runoff. PA provides hydro-
graphs that are always higher than the other PPs due to the presence of the impermeable
layer in bituminous emulsion under the surface course. Therefore, the void volume avail-
able in the surface course works as a small storage volume for the rainwater. Pavements PC,
PICP and GP provide hydrographs practically superimposed with negligible differences
for rainfall T5 and slightly visible for rainfall T100 (see Figure 9a Scenarios 4, 6 and 7). In
a few situations, these PPs do not bear runoff (Figure 9a Scenarios 1, 6 and 7; Figure 9b,
Scenario 1). The results relating to the real event R20 (Figure 9c) are consistent with the
former ones, but during the second peak, the PP hydrograph approaches that of Scenario 0,
probably because of the longer duration of the rain, which causes the filling of the storage.
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Figure 9. Runoff simulated for synthetic rainfalls: (a) TS5 and (b) T100 and for real rainfall event
(c) R20.

Figure 10, relating to events T5, T100 and R20, respectively, shows the histograms of
the ratio between the runoff volume of each combination scenario—PP—and the volume of
Scenario 0. In particular, for each scenario identified by the related PP areal percentage, the
ratios relating to the four PPs are grouped around the areal percentage itself. This concise
representation allows the effects on runoff reduction of PP type, PP areal percentage and
permeable—impermeable layout to be easily compared to each other. For instance, for event
T100 and scenario 4, the figure shows that PC, PICP and GP show almost equal ratios of
about 0.6, noticeably lower than the PA ratio equal to 0.98. As expected, all the PPs prove
to be more or less effective for runoff reduction with respect to Scenario 0. In detail, for
each scenario, PA exhibits the lowest reduction in runoff, whereas PC, PICP and GP exhibit
a very similar and more effective reduction in runoff.

In particular, the most effective scenario for the five rainfall events simulated is
Scenario 1, which has 91.9% of its area covered by PP, and there is no runoff at all for
PC, PICP and GP. In general, a different areal percentage of PP effects is noticeable on
runoff production.
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Figure 10. Comparison of the reduction in the runoff volume for all the combinations of scenarios
and PPs related to events T5 (a), T100 (b) and R20 (c).

However, it is interesting to note that a larger area covered by PP does not always
imply better performance. This is the case, for instance, of Scenario 7, having a PP areal
percentage of 35.1%, which shows noticeably lower ratios than Scenario 2, having an areal
percentage of 45.7%. These results prove that the spatial layout of the areas covered by PPs
is as important as the total amount of the areas themselves. Therefore, much care has to be
paid to spatial layout in designing the pavement of an urban area.
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Indeed, a further parameter to be considered when designing an urban pavement is the
slope of the area due to its effect on runoff velocity and, consequently, on the concentration
time. In this study, a constant value was assumed, which was equal for all the scenarios.

5. Conclusions

Nowadays, extreme rainfall events are becoming more frequent due to climate changes,
and stormwater flows are a serious problem in urban areas, where the presence of streets,
squares and buildings represents an impervious layer that strongly impacts the hydro-
logical balance. A possible strategy for mitigating urban flooding by properly managing
stormwater is given by the approach that makes use of the low impact development (LID).
In this regard, permeable pavements (PPs) are types of LIDs that allow water to infiltrate
from the road surface to the subgrade. PPs can be an alternative to traditional pavements,
although they have some specific features to be taken into account. These features are re-
duced mechanical resistance due to their high void content, which makes them inadequate
for high traffic volumes as well as the need for frequent maintenance to avoid clogging
and the consequent reduction in permeable voids. Due to these technical and economic
drawbacks as well as to a substantial lack of knowledge about these technologies, PPs are
not widely widespread or promoted.

The main goal of the present study was to improve understanding of PPs, by compar-
ing their hydraulic performances through simulations modeled with EPA SWMM. A car
parking area was modeled, and different design scenarios and rainfall events relating to
different return periods were simulated. The results of this study show that all PPs prove
to be an effective solution for urban flood mitigation since they all greatly reduce the runoff
in comparison to that simulated for the traditional solution, with an impervious pavement
only (Scenario 0). In particular, PC, PICP and GP provide almost identical runoff values,
except for during the rainfall event characterized by the highest return period. Furthermore,
the results also prove that a strategic position of the PP in the whole area, mainly taking
into account its geometric features and slope, provides an even better solution than that
offered by a wider area covered with PPs, not considering the characteristics of the area.

In conclusion, the results of this study prove that the typical PPs are comparable in
terms of hydraulic efficiency; therefore, the selection of the most appropriate may be based
on mechanical, aesthetical and economic evaluations. Furthermore, it has been proved that
covering the whole area with PP is not strictly necessary: besides, as mentioned before,
such a solution is not always technically or economically feasible. Based on the results
presented, a small PP area placed downstream of an impermeable one proves to reduce
the runoff much more than that obtained with a larger PP area placed upstream. This
conclusion can also be useful for designers and developers when considering the possibility
of using PPs in an urban context.

Some limitations of the study must also be considered: PP performances were evalu-
ated based on parameters found in the literature; a better understanding based on both
laboratory and field measurements of these performances is necessary for fostering accep-
tance and diffusion of PPs as a key LID technology.

Further studies will also have to involve the evaluation of the influence of the area
slope, which was not investigated in the present paper, as well as that of the size of the area.

Author Contributions: D.C., G.B.F, L.V.N. and C.C. have equally contributed to the research paper.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was financially supported by both the Italian Ministry of University and
Research with the research grant PRIN 2017 USR342 Urban Safety, Sustainability and Resilience and
the ERDF Regional Operational Programme Sicily 2014-2020 (POR FESR Sicilia 2014-2020), Action
1.1.5 “SMARTEP”.

Conflicts of Interest: The authors declare no conflict of interest.



Sustainability 2022, 14, 5704 13 of 14

References

1.  Chaddock, B.; Nunn, M. A Pilot-Scale Trial of Reservoir Pavements for Drainage Attenuation; IHS: Bracknell, UK, 2010.

2. Marchioni, M.; Becciu, G. Permeable pavement used on sustainable drainage systems (SUDs): A synthetic review of recent
literature. WIT Trans. Built Environ. 2014, 139, 183-194. [CrossRef]

3. Dylla, H.L.; Kent, R.H. Porous Asphalt Pavements with Stone Reservoirs. FHWA Technical Brief. 2015, pp. 1-11. Available online:
https:/ /trid.trb.org/view /1352935 (accessed on 4 February 2021).

4. Kuruppu, U,; Rahman, A.; Rahman, M.A. Permeable pavement as a stormwater best management practice: A review and
discussion. Environ. Earth Sci. 2019, 78, 327. [CrossRef]

5. Li, Q.;Wang, E; Yu, Y,; Huang, Z; Li, M.; Guan, Y. Comprehensive performance evaluation of LID practices for the sponge city
construction: A case study in Guangxi, China. . Environ. Manag. 2019, 231, 10-20. [CrossRef] [PubMed]

6. Zha, X.; Luo, P; Zhu, W,; Wang, S.; Lyu, J.; Zhou, M.; Huo, A.; Wang, Z. A bibliometric analysis of the research on Sponge City:
Current situation and future development direction. Ecohydrology 2021, 14, €2328. [CrossRef]

7. Zhu, Y, Li, H; Yang, B.; Zhang, X.; Mahmud, S.; Zhang, X.; Yu, B.; Zhu, Y. Permeable pavement design framework for urban
stormwater management considering multiple criteria and uncertainty. J. Clean. Prod. 2021, 293, 126114. [CrossRef]

8. Zhu H. Yu,M,; Zhu, J.; Lu, H.; Cao, R. Simulation study on effect of permeable pavement on reducing flood risk of urban runoff.
Int. J. Transp. Sci. Technol. 2019, 8, 373-382. [CrossRef]

9. Qin, HP; Li, ZX,; Fu, G. The effects of low impact development on urban flooding under different rainfall characteristics. J.
Environ. Manag. 2013, 129, 577-585. [CrossRef]

10. Kayhanian, M.; Li, H.; Harvey, ].T.; Liang, X. Application of permeable pavements in highways for stormwater runoff management
and pollution prevention: California research experiences. Int. J. Transp. Sci. Technol. 2019, 8, 358-372. [CrossRef]

11. Awadalla, M.; Abd El Halim, A.O.; Hassan, Y.; Bashir, I.; Pinder, F. Field and laboratory permeability of asphalt concrete
pavements. Can. J. Civ. Eng. 2017, 44, 233-243. [CrossRef]

12.  Ahn, J.; Marcaida, A.K; Lee, Y.; Jung, ]. Development of test equipment for evaluating hydraulic conductivity of permeable block
pavements. Sustainability 2018, 10, 2549. [CrossRef]

13.  Weiss, PT.; Kayhanian, M.; Gulliver, J.S.; Khazanovich, L. Permeable pavement in northern North American urban areas: Research
review and knowledge gaps. Int. |. Pavement Eng. 2017, 20, 143-162. [CrossRef]

14. Li, H.; Xu, H.; Chen, F; Liu, K;; Tan, Y.; Leng, B. Evolution of water migration in porous asphalt due to clogging. J. Clean. Prod.
2022, 330, 129823. [CrossRef]

15. Chen, X,; Wang, H.; Li, C.; Zhang, W.; Xu, G. Computational investigation on surface water distribution and permeability of
porous asphalt pavement. Int. J. Pavement Eng. 2020, 23, 226-1238. [CrossRef]

16. Alvarez-Lugo, A E.; Carvajal-Muiioz, ].S.; Walubita, L.F. Comparison of the air voids characteristics of different hot mix asphalt
(HMA) mixture types. Ingeniare Rev. Chil. Ing. 2014, 22, 74-87. [CrossRef]

17.  Alvarez, A.E.; Fernandez, E.M.; Martin, A.E.; Reyes, O.].; Simate, G.S.; Walubita, L.F. Comparison of permeable friction course
mixtures fabricated using asphalt rubber and performance-grade asphalt binders. Constr. Build. Mater. 2012, 28, 427-436.
[CrossRef]

18. Drake, ].A.P; Bradford, A.; Marsalek, J. Review of environmental performance of permeable pavement systems: State of the
knowledge. Water Qual. Res. ]. Can. 2013, 48, 203—222. [CrossRef]

19. Mullaney, J.; Lucke, T. Practical review of pervious pavement designs. Clean—Soil Air Water 2014, 42, 111-124. [CrossRef]

20. Eisenberg, B.; Lindow, K.C.; Smith, D.R. Permeable pavements. |. Phys. A Math. Theor. 2011, 44, 085201. [CrossRef]

21. Holleran, I.; Wilson, D.J.; Black, P.; Holleran, G.; Walubita, L.F. Optimizing the durability of the coarse fraction of porous asphalt
RAP for effective recycling. IOP Conf. Ser. Mater. Sci. Eng. 2017, 236, 012010. [CrossRef]

22. Marchioni, M.; Becciu, G. Experimental results on permeable pavements in urban areas: A synthetic review. Int. ]. Sustain. Dev.
Plan. 2015, 10, 806-817. [CrossRef]

23. CIRIA. The SuDS Manual; CIRIA: London, UK, 2015.

24. Teshale, E.Z.; Shongtao, D.; Walubita, L.F. Evaluation of Unbound Aggregate Base Layers using Moisture Monitoring Data. Transp.
Res. Rec. 2019, 2673, 399-409. [CrossRef]

25. Debnath, B.; Sarkar, P.P. Pervious concrete as an alternative pavement strategy: A state-of-the-art review. Int. . Pavement Eng.
2018, 21, 1516-1531. [CrossRef]

26. Fwa, T.E; Lim, E,; Tan, K.H. Comparison of permeability and clogging characteristics of porous asphalt and pervious concrete
pavement materials. Transp. Res. Rec. 2015, 2511, 72-80. [CrossRef]

27. Kayhanian, M.; Anderson, D.; Harvey, ].T.; Jones, D.; Muhunthan, B. Permeability measurement and scan imaging to assess
clogging of pervious concrete pavements in parking lots. . Environ. Manag. 2012, 95, 114-123. [CrossRef] [PubMed]

28. Zhong, R; Leng, Z.; Poon, C.S. Research and application of pervious concrete as a sustainable pavement material: A state-of-the-art
and state-of-the-practice review. Constr. Build. Mater. 2018, 183, 544-553. [CrossRef]

29. Antunes, L.N.; Ghisi, E.; Thives, L.P. Permeable pavements life cycle assessment: A literature review. Water 2018, 10, 1575.
[CrossRef]

30. Jamshidi, A.; Kurumisawa, K.; White, G.; Nishizawa, T.; Igarashi, T.; Nawa, T.; Mao, ]. State-of-the-art of interlocking concrete

block pavement technology in Japan as a post-modern pavement. Constr. Build. Mater. 2019, 200, 713-755. [CrossRef]


http://doi.org/10.2495/UW140161
https://trid.trb.org/view/1352935
http://doi.org/10.1007/s12665-019-8312-2
http://doi.org/10.1016/j.jenvman.2018.10.024
http://www.ncbi.nlm.nih.gov/pubmed/30326334
http://doi.org/10.1002/eco.2328
http://doi.org/10.1016/j.jclepro.2021.126114
http://doi.org/10.1016/j.ijtst.2018.12.001
http://doi.org/10.1016/j.jenvman.2013.08.026
http://doi.org/10.1016/j.ijtst.2019.01.001
http://doi.org/10.1139/cjce-2016-0143
http://doi.org/10.3390/su10072549
http://doi.org/10.1080/10298436.2017.1279482
http://doi.org/10.1016/j.jclepro.2021.129823
http://doi.org/10.1080/10298436.2020.1797734
http://doi.org/10.4067/S0718-33052014000100008
http://doi.org/10.1016/j.conbuildmat.2011.08.085
http://doi.org/10.2166/wqrjc.2013.055
http://doi.org/10.1002/clen.201300118
http://doi.org/10.1061/9780784413784
http://doi.org/10.1088/1757-899X/236/1/012010
http://doi.org/10.2495/SDP-V10-N6-806-817
http://doi.org/10.1177/0361198119833681
http://doi.org/10.1080/10298436.2018.1554217
http://doi.org/10.3141/2511-09
http://doi.org/10.1016/j.jenvman.2011.09.021
http://www.ncbi.nlm.nih.gov/pubmed/22115516
http://doi.org/10.1016/j.conbuildmat.2018.06.131
http://doi.org/10.3390/w10111575
http://doi.org/10.1016/j.conbuildmat.2018.11.286

Sustainability 2022, 14, 5704 14 of 14

31.

32.

33.

34.
35.
36.

37.
38.

Huang, ].; Valeo, C.; He, J.; Chu, A. Three Types of Permeable Pavements in Cold Climates: Hydraulic and Environmental
Performance. J. Environ. Eng. 2016, 142, 04016025. [CrossRef]

Gomez-Ullate, E.; Castillo-Lopez, E.; Castro-Fresno, D.; Bayon, ].R. Analysis and Contrast of Different Pervious Pavements for
Management of Storm-Water in a Parking Area in Northern Spain. Water Resour. Manag. 2011, 25, 1525-1535. [CrossRef]
Rossman, L.A. Storm Water Management Model User’s Manual Version 5.1 (EPA/600/R-05/040); United States Environmental
Protection Agency: Cincinnati, OH, USA, 2015; p. 353. Available online: https://nepis.epa.gov/Exe/ZyPDEFE.cgi?Dockey=P100N3
J6.TXT (accessed on 16 October 2020).

Rossman, L.A.; Huber, W.C. Storm Water Management Model Reference Manual; United States Environmental Protection Agency:
Cincinnati, OH, USA, 2016; Volume III, p. 231. Available online: www2.epa.gov/water-research (accessed on 16 October 2020).
Forestieri, A.; Conti, FL.; Blenkinsop, S.; Cannarozzo, M.; Fowler, H.].; Noto, L.V. Regional frequency analysis of extreme rainfall
in Sicily (Italy). Int. J. Climatol. 2018, 38, e698—e716. [CrossRef]

Ferreri, G.B.; Ferro, V. Short-Duration Rainfalls in Sicily. J. Hydraul. Eng. 1990, 116, 430—435. [CrossRef]

Keifer, C.J.; Chu, H.H. Synthetic Storm Pattern for Drainage Design. ]. Hydraul. Div. 1957, 83, 1332-1-1332-25. [CrossRef]
Francipane, A.; Pumo, D.; Sinagra, M.; la Loggia, G.; Noto, L.V. A paradigm of extreme rainfall pluvial floods in complex urban
areas: The flood event of 15 July 2020 in Palermo (Italy). Nat. Hazards Earth Syst. Sci. 2021, 21, 2563-2580. [CrossRef]


http://doi.org/10.1061/(ASCE)EE.1943-7870.0001085
http://doi.org/10.1007/s11269-010-9758-x
https://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey=P100N3J6.TXT
https://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey=P100N3J6.TXT
www2.epa.gov/water-research
http://doi.org/10.1002/joc.5400
http://doi.org/10.1061/(ASCE)0733-9429(1990)116:3(430)
http://doi.org/10.1061/JYCEAJ.0000104
http://doi.org/10.5194/nhess-21-2563-2021

	Introduction 
	Types of Pervious Pavements (PPs) 
	Numerical Investigation on PPs Effectiveness in a Case Study 
	EPA Storm Water Management Model (SWMM) 
	The Case Study Used for the Investigation 

	Results and Discussion 
	Conclusions 
	References

